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Combinatorial libraries offer a new powerful tool for gather- 
ing empirical information about host/guest interactions and 
for developing catalysts for organic reactions. Combinatorial 
approaches to molecular recognition are discussed, i.e. torial approaches are also reviewed. 
screening of libraries of ligands with synthetic receptors and 
libraries of synthetic receptors with the ligands for which se- 
lective binding is desired. Recent achievements in the devel- 
opment of new catalysts for organic synthesis using combina- 
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1 .  Introduction 
Although molecular biologists have long used highly di- 
verse pools of proteins to study receptor-ligand interac- 
tions, the application of library technologies seemed unfeas- 
ible for the chemist, as the use of complex mixtures of small 
organic molecule was hampered by the problem of generat- 
ing synthetic libraries in an efficient and reproducible fa- 
shion and by the task of elucidating the structures of the 
active compounds. In recent years, however, the advent of 
combinatorial chemistry has opened the way to using the 
powerful library strategies for purposes where small mo- 
lecules are involved. The development of the new method- 
ologies has disseminated a lot of excitement and an intense 
research activity that has yielded results that could not have 
been obtained with conventional techniques. The appli- 
cations of combinatorial chemistry are widespread and co- 
ver fields a s  diverse as drug discovery and 
material science”], catalyst development, and studies of 
molecular recognition. 
In this review we will discuss the progress in the field of 
combinatorial chemistry libraries, deliberately neglecting 
the field of drug discovery, which has recently been re- 
viewed comprehensively[’], but focusing on combinatorial 
approaches to molecular recognition and their potential for 
the development of new catalysts for organic synthesis. 
Understanding the nature of non-covalent intermolecular 
interactions and using this knowledge for the rational de- 
sign of synthetic receptodligand pairs is one of the most 
intriguing taks in supramolecular chemistry. Combinatorial 
libraries offer a powerful tool for gathering empirical infor- 
mation about hodguest interactions. Two different ap- 
proaches have been pursued and will be discussed in this 
review: the screening of a ligand library against an indivi- 
dual receptor or a set of receptors, and the screening of a 
library of synthetic receptors for binding studies with a set 
of chosen ligands. 
I n  the area of organic synthesis, the constant quest to 
produce compounds in ever better yields and higher enanti- 
omeric purities drives the development of new and more 
elfective catalytic reactions. A time-consuming task herein 
involves the sequential testing of series of ligands with dif- 
ferent substituents as well as the trials of various reaction 
conditions, such as stoichiometries, concentration of reac- 
tants, and choice of metal. The use of combinatorial chem- 
istry may offer a potent shortcut for these procedures by 
allowing sets of these assays to be performed simul- 
taneously. To date only few experiments have been reported 
and these were largely restricted to the spatially addressable 
libraries. We will discuss aspects related to the development 
of catalysts in the second part of this account (see Section 
4). 
2. Cornbinatorial Libraries - A Brief Overview 
Molecular biologists can elegantly handle diverse libra- 
ries by compartmentalizing the library members in cells. Li- 
brary members are then amplified to elucidate the structure 
of members of interest by growing clones of the cells con- 
taining them. The “yeast-two-hybrid’’ system[4] and the 
“phage-display’’ technique15] are used to study proteidpro- 
tein and proteidpeptide interactions in vivo, and the “SE- 
LEX” technology allows for the in vitro evolution of short 
oligonucleotides that interact with small molecules and pro- 
teinsL6] or have ribozyme-like catalytic activityr71. 
Synthetic molecules, however, cannot by amplified by 
growing clones. Therefore, chemists have devised several 
strategies to tackle the task of elucidating the structure of 
selected library members. Most of these involve separating 
compounds in an efficient way on solid supports, but sev- 
eral groups have also reported the generation of combina- 
torial libraries in solution[s-~O]. However, the solid-phase 
techniques are predominant. Two basic concepts for library 
generation and structure/activity correlation can be dis- 
tinguished: “spatially addressable” libraries and “one-bead- 
one-structure’’ libraries. 
Methods for structure correlation by predetermined 
localization of the library members, also referred to as “spa- 
tially addressable” approaches, were the first experiments 
designed and applied to generate and handle libraries of 
synthetic compounds. The library members are synthesized 
at predetermined locations on solid supports. The earliest 
experiments used functionalized polystyrene mounted on 
plastic rods arranged in a 96-well microtiter plate format” ‘I .  
Various implementations of this strategy, such as spot-syn- 
thesis on cellulose membranes[I2] and photolithographic- 
wafer have been developed, but these require 
either a stepwise deconvolution of the library or a major 
technological commitment to the preparation and analysis 
of the libraries. However, the “spatially addressable” ap- 
proach seems to be the best methodology available to date 
for screening for enzyme inhibition or activation, and for 
searching for new catalysts for organic synthesis. 
Houghten suggested the use of labeled “tea bags” con- 
taining peptide synthesis resin for the compartmentalization 
and tracking of library members[14], an approach that was 
modified recently by using radio chips for the labeling of 
the “tea  bag^"['^,'^]. However, the size of the bags still puts 
limits on the diversity of individual library members. “Split 
synthesis”[17~’8] lifts the restrictions on the complexity of 
libraries by creating “one-bead-one-structure libraries”, 
which display the individual library members separated on 
beads of a solid support. Successive cycles of distributing 
and mixing portions of the support lead to a combinatorial 
increase in the diversity of structures contained in the li- 
brary. As each bead of the resin reacts with only one set of 
reagents per synthesis cycle, each bead carries one individ- 
ual structure, which is determined by the sequence of reac- 
tions that occurred during the synthesis. Active library 
members can be isolated by selecting beads detected in as- 
says performed on the beads. 
Molecular encoding was the breakthrough that opened 
the way to the application of the whole repertoire of syn- 
thetic chemistry for generating combinatorial libraries, by 
solving the problem of structure determination from a sin- 
gle bead: easily detectable molecular tags are attached to 
the resin beads as they proceed through the split synthesis 
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during the library construction, thereby recording the reac- 
tion history of each individual bead[l9I. After the screening 
of the library, these molecular tags are cleaved from each 
of the selected beads and are analyzed to report the struc- 
tures of the library members on these beads. Several encod- 
ing methods are currently employed: microsequenceable oli- 
gonucleotide[20] or oligopeptide are used, as 
well as non-oligomeric schemes that employ small mo- 
lecules that can be analyzed by gas or 
HPLC[241. 
3. Libraries and Studies of Molecular Recognition 
The screening of collections of molecules tethered to so- 
lid supports in direct binding assays with soluble molecules 
can greatly facilitate the identification of key structural el- 
ements reponsible for hodguest interactions and molecu- 
lar recognition. 
A general scheme for finding receptors that bind desired 
ligands tightly and selectively starts with the synthesis of 
prototypes of the prospective receptors and screening of 
those prototypes against a library of the desired ligands. 
Alternatively, a combinatorial receptor library based on the 
prototype structures is generated and screened with the li- 
gand for which selective binding is desired. 
3.a. Screening Libraries with Small Molecules 
The essential feature of encoded combinatorial libraries 
created by “split s y n t h e s i ~ ” [ ~ ~ ~ ’ ~ ]  is that the individual mem- 
bers of the library are synthesized on individual beads that 
contain a set of molecular tags, which identify the chemical 
steps used to synthesize that particular member[20.2’.23,24]. 
Therefore, any assay of the library compounds should leave 
a trail tracing back to the bead on which an active com- 
pound was synthesized. Thus a general scheme for the a h -  
ity assay of libraries entails labeling the molecule of interest, 
so that it can be detected, and equilibration of the labeled 
molecule with a bead-supported library of potential ligands. 
The first studies used monoclonal antibodies conjugated to 
alkaline phosphatase, which yielded an ELISA-type stain- 
ing of the interacting beads[’s,23a]. 
This general strategy can be directly transferred to the 
disclosure of ligands for synthetic receptors. Still and co- 
workers have employed small molecules covalently attached 
to lipophilic dyes to screen encoded combinatorial libraries 
in organic media, and have identified beads carrying mo- 
lecules interacting with these conjugates by their absorption 
Yet, difficulties have been found in applying this straight- 
forward methodology to small molecules in the aqueous 
phase. Although the labeling of proteins with hydrophilic 
dyes, such as fluorescein and rhodamine, is commonly used 
for the screening of libraries with  protein^[^^*^^], members 
of the library binding the dye, instead of the substrate moi- 
ety of the small-molecule conjugates, have predominated in 
experiments with small molecules and thus prevented an 
efficient high-throughput screening. Indeed, two recent re- 
ports suggest that sequence-selective interactions of hydro- 
philic dyes with short peptides are the rule rather than the 
of 
exception. Lam and co-workers report that indigo dye inter- 
acts strongly with pentapeptides, with hydrophobic amino 
acid residues flanked by two lysines at the amino and car- 
boxy termini[30]; Still and Wennemers revealed in a more 
extensive search that a variety of water-soluble dyes is cap- 
able of sequence-selective peptide recognition of chains of 
as few as three amino acidd3’]. 
Radiolabeling is an elegant approach to label molecules 
for the study of molecular recognition events, because it 
does not alter their structure and has been used for a long 
time for sensitive affinity determinations. The detection of 
32P- and 1251-radiolabeled beads via X-ray film exposure 
has been r e p ~ r t e d [ ~ ~ . ’ ~ ] .  Nestler and co-workers recently de- 
scribed a method for the microautoradiographic screening 
of bead-supported combinatorial libraries with I4C-radio- 
labeled synthetic receptors that allows for the direct visuali- 
zation of the radiation on individual 
Although a variety of visual screening techniques have 
been developed for “on-support’’ assaying of combinatorial 
libraries for affinity to ligands, there remains a paucity of 
methods and new approaches will have to be designed when 
new applications for combinatorial libraries are initiated. 
3.b. Combinatorial Libraries of Ligands 
Cyclodextrins have been known for a long time to be po- 
tent hosts for small molecules and have found widespread 
use in the binding of aromatic molecules. However, thus far 
less is known about their interactions with short peptides. 
A recent study describes the screening of the color-labeled 
cyclodextrin derivatives 1 and 2 against a bead-supported 
combinatorial tripeptide library (Figure l)[35]. Both of the 
receptors show the same sequence-specificity for the 
Phe-Pro dipeptide motif, suggesting that only one cyclo- 
dextrin cavity is required for the interactions. Furthermore, 
the studies revealed a strong diastereospecificity of the in- 
teractions: only the Phe-Pro dipeptide with opposite chir- 
ality of the amino acids (D-Phe-L-Pro and L-Phe-D-Pro) 
bind strongly to the cyclodextrin, whereas the other diaster- 
eomers show only weak affinity. This discrimination could 
be rationalized by NMR studies and conformational analy- 
sis of the dipeptides and their interaction with the cyclodex- 
trin. 
Figure 1 .  Color-labeled cyclodextrin derivatives 1 and 2 
Q Q 
1 2 
However, molecular recognition of peptides is not limited 
to macrocyclic biomolecules such as the cyclodextrins. Still 
and co-workers designed a class of C3-symmetric synthetic 
host molecules that can bind peptides sequence-selectively. 
The parent receptor 3 was originally devised to distinguish 
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between enantiomeric amino acid derivatives (Figure 2)[36]. 
Later on, the screening of 3, conjugated to the dye Disperse 
Red 1, against an encoded combinatorial library of acylated 
t ripcptides (generic structure R(C =0)-AA3 -AA2- 
AA I -NH-(CH2),CONH-polystyrene) allowed the dis- 
covery of a far more interesting feature: not only does 3 
discriminate between the enantiomers of amino acid deriva- 
tives. but i t  is also able to recognize the N-terminal capping 
group as well as the adjacent amino acid[37]. Indeed, 3 
shows a strong preference for interactions with the cyclo- 
propylates of L.-alanine and L-trityl glutamine. Sub- 
sequently. receptor 3 was attached to a silica support and 
used for the HPL-chromatographic resolution of diastere- 
omeric and enantiomeric peptide mixtures. This application 
outlines a convenient strategy for the preparation of col- 
umns for the purification of a desired substrate["]. 
I-igtirc 2. Cl-symnietric synthetic receptors 3 and 4 conjugated to 







cavities and unassociated arrays of potential hydrogen-bond 
donors and acceptors. Still and co-workers used the afore- 
mentioned library of acylated tripeptides to survey the 
binding properties of 6L3'1. The solid phase color assays re- 
vealed an astonishing sequence-specificity of receptor 6: un- 
like 4, which binds the tripeptide motif but does not dis- 
criminates between the different acyl groups, 6 recognizes 
the whole tripeptide including the capping residue[45]. 
Figure 3. A4B6 cyclooligomers of trimesic acid [ 1,3,5-benzenctricar- 
boxylic acid, A(OH)3] and 1,2-diamines (BH,): receptors 5 and 6, 
with tetrahedral symmetry; receptors 7/9, with D2 symmetry 
Several other C3-symmetric host molecules that are 
closely related to 3 in their cup-shaped binding cavities, and 
that have similar dimensions, were studied for their ability 
to recognize peptides. Each of the studied molecules had its 
individual pattern of recognized pep tide^"^.^"]. Yet, syn- 
thctic receptor 4 opened up a whole new aspect of peptide 
recognition. While 3 and the other receptors show only sel- 
ectivity for the N-terminal acylating groups and the adjac- 
ent amino acids, a s  well as some preference for single in- 
ternal amino acid residues, receptor 4 binds an internal mo- 
tif containing L-proline flanked by two L-amino acids, pre- 
I'erentially glycine or alanine on the amino-terminal side 
and lysine on the carboxy terminus. This selectivity can be 
esplained by the enlarged cavity, which allows the inclusion 
of the proline pyrrolidine ring and the formation of as many 
a s  six hydrogen bonds to the peptide bonds of the adjacent 
amino acids["]. 
A second class of host molecules has been investigated 
by the Still group: cyclooligomers of trimesic acid [1,3,5- 
benzenetricarboxylic acid, A(OH),] and 1,2-diamines 
( BH2)L4?]. Like their C3-symmetric counterparts they feature 
a large open cavity, reminiscent of c a v i t a n d ~ [ ~ ~ . ~ ~ ] .  Two iso-
meric forms of the A4B6 cyclooligomers are possible: one 
with tetrahedral and one with &-symmetry (Figure 3). Re- 
ceptors 5 and 6, the A4Bh cyclooligomers with tetrahedral 
symmetry (5, B=B'; 6, B+B'), provide large, open binding 
ODye 
In initial studies, the D2-symmetric isomer 7 was found to 
bind L-amino acids with enantioselection exceeding 2 kcal 
mol-' (70-99% e.e.) and to be able to discriminate amino 
acid side chains by size (e.g. phenyl 9 benzyl, ethyl % 
methy1)[45-48]. In order to disclose sequence-selective pep- 
tide binding by these D2-receptors, the labeled analogue 8 
was screened against the aforementioned tripeptide library. 
Although the D,-symmetric receptor provides a large, 
hydrophobic binding cavity and selectively binds amino 
acid sequences containing L-Val, it completely lacks the se- 
quence-selectivity displayed by its tetrahedral counter- 
The tetraammonium ion 9, a water-soluble analogue of 8, 
allowed assessment of the binding properties of these A4B6 
cyclooligomers in water[49]. When 9 was assayed in water 
against a peptide library with protected side chains, it 
bound amino acid sequences closely related to those inter- 
acting with 8 in chloroform. This finding suggests that the 
selectivity is mainly controlled by the hydrophobic interac- 
tions, i.e. the hydrophobic side chains bind to the hydro- 
phobic cavity provided by the receptors. However, when 9 
was screened against a tripeptide library without side-chain 
protection, ionic interactions between the carboxy groups 
of aspartic and glutamic acid and the ammonium groups 
of 9 clearly controlled the affinity of the receptor to the 
library members. 
Starting from receptor 8, which is one of the most se- 
quence-selective peptide receptors so far prepared, Still and 
his group carried out an investigation to determine the 
smallest substructure of 8 that retains selective peptide- 
binding properties. Stepwise removal of the bridging diam- 
ines and macrocyclic units led to the macrobicycles 10 and 
11 and monomacrocycles 12 and 13 (Figure 4). While the 
macrobicyclic molecules 10 and 11 still retain affinity for 
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tripeptides and one of them (11) even provides a substan- 
tially more distinct sequence specificity than 8, the mono- 
macrocyclic receptor fragments 12 and 13 showed no evi- 
dence of affinity for the peptide Because the 
two-armed design with macrocyclic AA'B2 arms of 11 is so 
simple and effective, Still and Pan recently investigated the 
properties of related tweezer-like receptors with ring-ex- 
panded AA& and AA;B4 macrocyclic arm units. Experi- 
ments showed that the receptor based on AA;B4 cyclooligo- 
mcrs is as highly selective a binder of tripeptides as is the 
AA'R,-based receptor 11, and that their preferred binding 
scquence are different[50h]. In a related study, Still and Iorio 
devcloped new two-armed receptors keeping the macro- 
cyclic AA'R2 arms of 11 and changing the dye-substituted 
pyrrolidine-diamine linker (B' = b2, see Figures 3 and 4) 
with macrocyclic polyamine linkers. The two receptors 
madc from 1,5,9-triazacyclododecane and I ,4,7-triazacyclo- 
nonane linkers showed binding selectivities that were closely 
related to one another but that differed substantially from 
those of their pyrrolidine-linked analogue (ll)[50"]. 
Figure 4. Macrobicycles 10 and 11 and monomacrocycles 12 and 
13 
NH(C 
BnHN' ,B B' 
NHBn 
10 11 12 
for A and B see Figure 3: B= b,; B' = bZ 
13 
Thc observed high afinities for peptides of the macro- 
bicycles presumably arise from the conformationally well- 
dcfined, preorganized macrocyclic structures displaying ar- 
rays of unassociated hydrogen-bond donors and acceptors. 
The selectivity between different peptides, however, depends 
markedly on the details of the receptor structure. 
These studies also demonstrate that large macrocyclic 
cavities are not absolutely crucial for sequence-selective 
peptide binding, but that two receptor sites held in space 
by a suitable linker in a "tweezer"-like manner may be suf- 
ficient for the recognition of peptide sequences. Indeed, 
even simple molecules formed by two short linear oligomers 
joined by a bifunctional linker may show distinct interac- 
tions with tripeptides. Nestler et al. have reported the selec- 
tive binding of molecular forceps (14) based on vinylogous 
sulfonyl peptides to members of an encoded combinatorial 
tripeptide library (Figure 5)[261. Vinylogous sulfonyl pep- 
tides are a new class of peptide surrogates reported by Gen- 
nari and co-workers, which feature significantly increased 
polarity, H-bonding capability, acid-base character, and a 
tetrahedral geometry of the amide As the sulfon- 
amide moiety has a higher acidity than a regular peptide 
group (RS02-NHR', pK, = 10- 1 l), even small vinylogous 
sulfonyl peptides tend to adopt well-defined three-dimen- 
sional structures based on the hydrogen-bonding net- 
~ o r k [ ~ ' ~ l .  Although these receptors cannot provide the high 
affinity displayed by the macrobicyclic receptors, they still 
retain high sequence-selectivity towards oligopeptides. The 
binding strength and selectivity of 14 are similar to those 
of an analogous receptor built with natural a-amino acids 
(15), and therefore cannot be attributed solely to the pres- 
ence of the sulfonamide groups[26]. 
Figure 5. Molecular forceps based on vinylogous sulfonyl pcptides 





A similar study was recently reported by Liskamp and 
co-workers using a "tweezer"-like structure based on p-am- 
ino sulfonic acids[52]. 
3.c. Combinatorial Libraries of Receptors 
The studies described above on the two-armed macro- 
bicyclic receptors (10, 11) and the molecular forceps (14, 
15), as well as another recent report on a two-armed mol- 
ecule that interacts with tripeptide~L~~1, suggest that effective 
recognition of peptide sequences can be achieved with 
rather simple molecules that are accessible to combinatorial 
synthesis. We reviewed above how the assays of libraries of 
prospective ligands with given receptors enable the dis- 
covery of ligands for these receptors. The reverse approach, 
of screening a library of prospective receptors with a given 
ligand, is discussed below. 
To test the validity of this strategy, Still and co-workers 
created a library of peptidosteroids and screened it against 
a series of enkephalins (Figure 6)[251. 
The members of this bead-supported library (16) display 
two different tripeptide chains that are supported on a 
cheno( 12-deoxy)cholic acid scaffold. The use of this scaf- 
fold allowed for the convenient differential functionali- 
zation of the two hydroxy groups of the steroid receptor 
core: the less-hindered C(3) hydroxy group could be acyl- 
ated with Fmoc-Gly-F, leaving the C(7) hydroxy unre- 
acted. After generating the first combinatorial peptide 
chain, the hindered C(7) hydroxy group was glycylated 
using Fmoc-Gly-F in the presence of 4-(N,N-dimethylam- 
ino)pyridine as a catalyst. The combinatorial generation of 
the second peptide arm yielded a peptidosteroidal library 
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Figure 6. Bead-supported library of peptides on a cheno( 12-deoxy)- 
cholic acid scaffold (16); dye-labeled enkephalins 5Leu- (17), 2D-Ala- 
enkephalin (Is), 'Met-enkephalin (19), desTyr-enkephalin (20) 
H 
yN* 
dye-CO(CHZ),CO-HN-(L)Tyr- Gly -Gly-(L)Phe-(L)Leu-OH 5Leu (17) 
dye-CO(CHz)aCO-HN-(L)Tyr-(D)Ala-Gly-(L)Phe-(L)Leu-OH 2D-Ala,5Leu (18) 
dye-CO(CH,)&O-HN-(L)Tyr- Gly -Gly-(L)Phe-(L)Met-OH 5Met (19) 
dye-CO(CHZ)&O-HN- Gly -Gly-(L)Phe-(L)Leu-OH desTyr:Leu (20) 
of 10' members. The screening of the library with four dif- 
ferent dye-labeled enkephalins revealed intriguing charac- 
teristics of these peptidosteroidal receptors: whereas both 
iLeu- (17) and 'Met-enkephalin (19) bind with similar af- 
finities to related receptors with a strong preference for Pro 
at the AA?, AA3 sites (60% of the decoded beads at AA2 
and W'%, at AA,), 'o-Ala-'Leu-enkephalin (18) and desTyr- 
'Leu-enkephalin (20) interact with different sets of peptido- 
steroids and also show a significantly lower affinity to the 
members of the library. 
In order to find selective receptors Still and co-workers 
designed a "two-color-two-substrate" assay. Each substrate 
i s  conjugated with a different dye, e.g. red and blue. The 
color-labeled substrates are then screened against the li- 
brary and the beads that pick up only one color are iso- 
lated. Beads turn either red or blue if the receptor binds 
one substrate selectively, while a purple staining indicates 
non-selective interaction with both substrates. According to 
this scheme, the receptor library was equilibrated with a 
mixture of Disperse-Red-1-labeled 5Met-enkephalin and 
Disperse-Blue-3-labeled 5Leu-enkephalin. Besides many 
purplish beads, a small number of red and blue beads were 
isolated. The resynthesis of the peptidosteroids thus iden- 
tified and HPLC assay of their specificities for the enke- 
phalins confirmed the results of the two-color screening, 
although the selectivities were moderate. 
Still and co-workers recently described a follow-up study 
wherein they investigated the impact of the core structure 
on the properties of the receptors. The original bis-glycine 
A.B-ci.v-cholic acid core was substituted by an A,B-trans- 
steroidal template that displayed the same combinatorial 
peptide arms (21) (Figure 7)[541. The new receptors (21) pro- 
vided an increased spacing between the two peptide chains 
and at the same time were conformationally more rigid at 
the anchoring position of the peptides to the steroid (ab- 
sence of Gly-0 spacer). The screening of the library with 
the Disperse Red 1 'Leu-enkephalin methylester revealed 
an astonishing selectivity: only 10 out of the 10000 different 
receptors bind the substrate and every one has the same 
amino acids at the positions AA1 through AA3, L-Asn, D- 
Asn, and u-Phe, while only the amino acid at position AA4 
appears random. 
These results show that receptor libraries allow the 
identification of molecules that are able to make some re- 
markable distinctions between closely related oligopeptides. 
Moreover, decreasing the receptor flexibility, going from the 
A,B-cis- to the A,B-trans-steroidal scaffold, seems to result 
in increased receptor selectivity. 
Figure 7. Bead-supported library of peptides on A,B-trans-steroidal 
scaffold (21); bead-supported library of peptides on a flexible pen- 
tamethylene linker (22) 
CH3cH3 H 
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It is, however, not necessary to use a highly preorganized 
scaffold to achieve selective intermolecular interactions. 
Based on the concept of using a library of two linked, short 
peptides, Nestler recently described the study of a library 
featuring a flexible pentamethylene linker (22) (Figure 7). 
Although the interactions of the enkephalins with the mem- 
bers of the library did not show the same strength and 
specificity as reported for the steroid-scaffolded libraries, 
there were still members of this library that showed distinct 
binding to the enkephalin~[~']. 
These studies demonstrate that even simple nonmacro- 
cyclic peptidic forceps are capable of sequence-selective in- 
teractions with short peptides. The generation of receptor 
libraries that are based on this simple design allows the 
identification of host molecules with specificity for arbi- 
trarily chosen ligands. These findings also underline the im- 
portance of structural preorganization for the efficient re- 
cognition of short peptides by receptors with low molecular 
weight. Thus, the most efficient approach for discovering 
novel synthetic receptors would result from combining a 
good molecular design with efficient methods for generating 
and screening combinatorial chemistry libraries. The use of 
such templated libraries also proved to be quite successful 
beyond the studies of molecular recognition, such as in bio- 
chemical as well as for the creation of selec- 
tive ligands for transition metals (see Section 3.d). 
Recently Hamilton's group used a metal ion as a template 
unit in the creation of a two-armed receptor Five 
5-methylterpyridine derivatives (23-27), with different sub- 
stituents able to bind different substrates, were synthesized 
and used as ligands for the formation of octahedral bis- 
terpyridine Ru(I1) complexes (Figure 8). These complexes 
were selectively prepared by a two-step procedure, by re- 
acting one terpyridine unit (TP) with RuC13 to give the TP- 
RuC13 complexes 28, which were transformed into the de- 
sired products by reaction with a second terpyridine unit. 
This protocol led to a full combinatorial family of the 15 
different mixed bis-terpyridine complexes (29). 
The members of this receptor library were assayed for 
their binding to two substrates: bis(tetrabuty1 ammonium) 
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pimelate and pentane- 1,5-diylbis(arnmonium)ions. Not un- 
expectedly, the substrates bound to the Ru(I1) complexes 
that offered the appropriate counterparts to the respective 
functional groups in at least one of the terpyridines: thio- 
urea ([24-Ru2+-X]) in the case of the pimelate and the 
crownether ([27-Ru2'-X]) in the case of the diamine. The 
affinities are clearly enhanced by providing a second bind- 
ing site in the complex, [24-Ru2' -241 or [27-Ru2+-27], 
although the increase of binding strength was not as pro- 
nounced as expected. These studies also demonstrate that 
the successful application of the two-armed receptor strat- 
egy is not dependent on the covalent linkage of the two 
arms. 
Figure 8. Octahedral bis-terpyridine Ru(I1) complexes (29) 
R' 
23 b-3. 
CI V V  
28 (five complexes) 29 (1 5 complexes) 
- - 
0 
2 6 R = (  OH 2 7 R =  
A new approach to enantiomeric resolution of a-amino 
acids has been described, in which highly complex synthetic 
cyclohexapeptide libraries are used as chiral 
The cyclohexapeptide libraries are added to the mobile 
phase in capillary electrophoresis, an efficient technique for 
separating water-soluble enantiomers. The peptide libraries 
consist of 18' (5832) individual cyclohexapeptides, which 
are synthesized as a mixture. Each library has the general 
formula cyclo(OOXXX0) and is characterized by four de- 
fined positions (0, chosen from L - A s ~ ,  L-Phe, ~ A l a ,  L-Arg, 
L-LYS, L-Met) and three random positions (X, which rep- 
resent a mixture of 18 of the proteinogenic amino acids 
except cysteine and tryptophan). Three libraries were 
tested, and each showed a different selectivity for a given 
racemic substrate (e.g. enantiomeric resolution of racemic 
2,4-dinitrophenyl-glutamic acid, 2,4-dinitrophenyl-aspartic 
acid, and Fmoc-glutamic acid). 
3.d. Ligand Libraries for Transition Metals 
The combinatorial approach is not limited to the study 
of host/guest recognition involving organic molecules, but 
can also be applied to the development of selective ligands 
for metal ions, for which complexation is ultimately related 
to the preorganization of a suitable coordination sphere. 
We will discuss here two examples; in the first one the 
complexation ability of a receptor is tuned by growing pep- 
tide chains combinatorially on a central ionophoric core. 
Still and Burger used cyclen, a macrocyclic tetraamine with 
known affinity for transition metals, to synthesize a set of 
four libraries with increasing peptide chain lengths, which 
culminated in the 10j-mernber ionophore library 30. The 
libraries were used to search for new molecules that tightly 
bind Cu2+ and Co2+ ions (Figure 9)[j81. One of the four 
cyclen nitrogens was used to attach the core to the resin 
and the remaining three nitrogens carried handles for the 
combinatorial peptide chains. 
The binding assays were conducted by agitating the resin 
beads carrying the cyclen-peptide libraries (with protected 
amino acid side chains) with dilute aqueous solutions of 
Cu2+ and Co2+ ions. Interacting beads could easily be de- 
tected by their absorption of color, Cu2+-binding beads 
turning bright blue and Co2+-binding beads picking up a 
red staining. As cyclen-metal complexes can be exception- 
ally stable (e.g. log k;t4 = 23 for Cu2+), one might expect 
that the binding is predominated by the cyclen core and 
that the substituents would exert little effect. On the con- 
trary, the experimental results show that the metal-ion- 
binding properties of peptide-substituted cyclens vary with 
the nature of the peptide sequences and the preferred se- 
quences differ for copper and cobalt. However, no library 
members could be found that bound Co2+ more tightly 
than Cu2+, reflecting the intrinsic selectivity of the cyclen 
core for copper, which cannot be reverted by the substitu- 
ents. This finding suggests, furthermore, that ionophore li- 
braries with members capable of selectively binding many 
different ions should be constructed around cores with in- 
trinsically poor binding selectivity. 
Figure 9. Ionophore library (30) 
AA4 - AA3 - AA2 - AAq - HN NH - A A 1 -  AA2 ~ AAs - A 5  
30 
In a recent report, Jacobsen and co-workers showed that 
the incorporation of a metal-binding template is not neces- 
sary to achieve selective coordination of transition 
They prepared a split-synthesis peptide library (31) that in- 
corporates turn-inducing building blocks, which force the 
peptide chains to fold around the metal ions (Figure 10). The 
library was assayed with a series of transition metals; each of 
the assayed metals bound selectively to a characteristic set of 
library members, although some sets showed overlap with 
each other. Of the metals assayed, nickel showed the highest 
selectivity, especially for the compounds with two turn ele- 
ments, 32 and 33. The amino acids occurring in positions 1 
and 2 were mostly amino acids that are known to complex 
metals. Thus, the selectivity of the library members seems to 
be controlled by the nature of the turn elements. Since the 
binding of the metals to the beads was detected by a metal- 
specific color-developing reaction, a "two-color-two-sub- 
strate" assay was used to identify library members able to dis- 
criminate between the different metals. 
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ing blocks 
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4. Looking for Catalysts in Combinatorial Libraries 
As we anticipated in the introduction, some efforts have 
recently been made to develop catalysts for organic syn- 
thesis using combinatorial methodologies. However, a basic 
distinction needs to be made, conccrning the optimization 
of the catalytic conditions as opposed to focusing on the 
synthesis of new ligands obtained by simultaneous variation 
oftheir structure using a number of different reactants. 
I n  the first case, the library is obtained with a grid of 
ditkrent parameters, such as metals, ligands and reaction 
conditions (solvents, stoichionietrics etc.). This combina- 
torial screening has been used by Burgess and co-workers 
for the identification, among various combinations, of an 
effective catalyst for the formation of indolyl derivatives by 
cyclization reactions comprising intramolecular insertion of 
a-dIazo esters (Figure 1 
Figure 11. Catalyst screening and optimization in the intramolecular 
insertion of a-diazo esters for the formation of indolyl derivatives 
(CuOTf),-C6H6 / CHCl3 66% yield, 1.5:l diastereomer ratio 
N N> (CuOT&-C6H6 /THF 61% yield, 3.9:l diastereomer ratio 
75% yield, 3.5:l diastereomer ratio A ~ S L F ~  / THF 
This kind of reaction is known to proceed via carbene 
intermediates and is catalyzed by Rh(I1) as well as by other 
metal ions. A set of five among the best known and effective 
ligands was chosen and allowed to react with a series of 
seven different metal-ion sources, in four different solvents. 
This should build up a library of 140 members, but since 
some of the combinations were not taken into consideration 
only 96 were screened using a microtiter-plate format. Some 
conclusions were drawn from the catalyst screening: the 
screening confirmed th superiority of the previously charac- 
terized copper complex with ligand 34 but revealed an un- 
expected higher d.e. when the reaction was carried out in 
THF rather than chloroform. In  addition, a powerful cata- 
lyst was obtained with the same ligand and silver hexa- 
fluoroantimonate, which is rarely used in this kind of chem- 
istry. In this specific case diastereoselection was similar to 
that in the copper case and yields were higher. 
The use of the microtiter-plate format for high-through- 
put catalyst screening offers the advantage of higher ef- 
ficiency in setting the reactions. In addition, the parallel 
synthesis approach encourages the researcher to try, 
amongst the number of reactions scheduled, also those 
combinations which might seem odd at first glance. 
The combinatorial synthesis of metal ligands deals with 
the possible variations obtained by the use of different re- 
agents i n  the ligand-formation reactions. The first example 
of ligand tuning by a combinatorial approach has been re- 
ported by the Ellman group, with the synthesis of a library 
of prolinol derivatives to be used as ligands in the enantio- 
selective addition of ZnEt, to aldehydes[61]. The variable 
step was the addition of different Grignard reagents to 
polymer-bound proline methyl ester. The commercially 
available tuuns-4-hydroxy proline was used in order to pro- 
vide a suitable site for attachment to the solid support 
(Merrifield resin), using a THP-ether linker. The secondary 
nitrogen of proline was protected as a methoxycarbonyl de- 
rivative. After the addition of a large excess (50 equiv.) of a 
series of Grignard derivatives (seven different residues were 
employed), the nitrogen protecting group was either re- 
duced with Red-Al, to yield the methylamino derivative, or 
hydrolyzed and acylated with two different acyl (acetic and 
benzoic) anhydrides prior to Red-A1 reduction. This pro- 
cedure affords up to a maximum of 21 ligands to be screen- 
ed. The subsequent diethyl zinc addition was conducted 
with the solid-phase-bound ligand in one case (35, R1 = 
Ph and R2 = H): the conversion was quantitative and the 
enantiomeric excess was 89% (Figure 12). Cleavage of the 
ligand from the resin (PPTS) and testing in solution af- 
forded the same ethyl alcohol derivative with 94% enantio- 
meric excess. Therefore, as no exact correlation was found 
between the solid-phase and solution tests, the ligands were 
screened in solution after cleavage from the resin. 
Figure 12. Catalyst screening and optimization in the enantioselec- 
tive addition of ZnEt2 to aldehydes 
PhCHO + EtpZn ligand, PhCH3 PhAEt 
R' 
35 
The major drawback of the above methodology is the 
inherent lack of variable steps, the creation of molecular 
diversity being confined to the use of different reagents in 
one single step of the ligand synthesis sequence. In this case 
the parallel ligand synthesis does not differ significantly 
from the traditional approach of catalyst development by 
sequential optimization. 
A substantially different approach, leading to high mo- 
lecular diversity, could come from the insertion of the metal 
binding sites, ultimately responsible for the catalysis, into a 
chiral polymeric backbone such as a polypeptide sequence. 
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This approach would lead, by variation of the composition 
of the amino acid sequence and position and nature of the 
binding sites, to a “Darwinian” tuning of the catalyst in an 
enzyme-mimicking approach. 
A preliminary communication along these lines has been 
published by Gilbertson and co-workers, in which they pre- 
sent the synthesis of phosphane ligands incorporated into 
a peptide sequence by means of modified amino acids resi- 
dues, namely a diphenyl and a dicyclohexylphosphane ser- 
ine derivative (Pps and C p ~ ) [ ~ * ~ l .  Subsequently, a library of 
63 members was synthesized on The authors state: 
“In the case of screening members of a library containing 
ligands for asymmetric catalysis, the screen is ultimately ca- 
talysis of a reaction. For this reason a combinatorial system 
was chosen that allowed the synthesis of discrete isolated 
compounds. The synthesis of peptides on pins allows one 
to know the identity of each ligand attached to a given pin, 
and keeps the peptides separate so screening of individual 
ligand metal complexes can be performed”. Each sequence 
in the library contained alanine (Ala) and a,a-dimethyl gly- 
cine (Aib) in order to induce a-helix formation. An 
Ala-Aib-Ala tripeptide was placed on each end of the 
peptides, before and after a sequence containing 4 or 5 am- 
ino acids that was varied combinatorially. This combina- 
torial sequence contained the two phosphane-bearing ser- 
ines (Pps and Cps) along with various other amino acids 
(Ala, Aib, Phe, Val, His, Ile). Ligands were complexed with 
metal (Rh+ ion) and screened while still attached to the 
solid support: the catalysts were used to hydrogenate methyl 
2-acetamido acrylate. Although the resulting e.e.s were low 
(max. 18.3%), some correlation between combinatorial pep- 
tide sequence and selectivity could be found, which will be 
used to produce second-generation libraries. 
A diphenylphosphane serine (Pps)-containing dodeca- 
peptide (Ala- Aib - Ala- Ala - Pps -Val - Ala- Ala- Pps - 
Ala-Aib- Ala) was used by Gilbertson to bind a transition 
metal (Rh+ ion) between the i,i+4 phosphanes. Hydro- 
formylation of styrene catalyzed by the phosphane-Rh com- 
plex afforded 85 % (S)-2-phenylpropanal in 40% e.e.[62c]. 
Gilbertson and co-workers recently reported the synthesis 
of a library of new phosphino-oxazoline-type ligands and 
their use in asymmetric ~c-allylic alkylation (e.e.s up to 
98%)[62d]. 
Another significant example comes from Hoveyda, Snap- 
per and co-workers, who used a library of dipeptides carry- 
ing a Schiff base (SB) on the amino terminus of the se- 
quence (SB-AA2-AA1-GlyOMe) in the Ti(OiPr)4 (10%) 
catalyzed addition of TMS-CN to meso-epoxides (Figure 
13)[63J’41. The reaction was run with model ligands, both in 
solution and with the ligand still bound to the solid support 
using different linkers. The e.e.s obtained were substantially 
different, and therefore the ligands were screened in solu- 
tion after cleavage from the resin by methanolysis. Chiral 
ligands were synthesized efficiently in a parallel manner on 
polystyrene resin, using normal Fmoc amino acid pro- 
cedure, with 13 different functionalized salicylaldehydes, 10 
amino acids for the first position and 16 amino acids for 
the second position. A “positional scanning” approach was 
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employed, and each of the basic structural modules of the 
ligand system (SB-AA2-AA,) was modified systemati- 
cally, i.e. by fixing two of the variable positions and optim- 
izing the third. The catalytic reactions were run in toluene 
at 4°C with 10%) molar equivalent of the ligand and 
Ti(OiPr)4 using cyclohexene oxide as a substrate and 
TMS-CN. The best combination was obtained using 3- 
fluorosalicylaldehyde (SB), t-leucine (AA,) and Thr(tBu) 
(AA,) in the sequence (37). Reaction with other cyclic epox- 
ides showed that the results can be different and that optim- 
ization should be run for each substrate. 
Figure 13. Catalyst screening and optimization in the Ti(OiPr), ca- 






58% yield 65% yield 
40% e.e. 86% e.e. 
unoptimized ligand combinatorially optimized ligand 
A substantially different approach was reported by Men- 
ger’s group, who developed a “randomly generated” syn- 
thesis of catalysts for the hydrolysis of phosphate esters. 
They used polyallyl-amine resin to anchor a mixture of 
eight derivatized acyl groups in different proportions. The 
resulting polymeric support was only partially acylated and 
the sequences of the different acylamino derivatives were 
unknown. Subsequent reaction with stock solutions of 
three different metal ions (Mg2+, Fe3+ and Zn2+) afforded 
the active catalysts, which were subjected to hydrolysis stud- 
ies of bis(p-NO,-phenyl) phosphate ester upon monitoring 
the absorption of the p-N02-phenolate anion. A distinct 
catalytic effect was indeed proven (kcat/kUncat = 3 X lo4- 1.5 
X lo5) but no definite catalyst structure could be identified. 
The number of combinations accessible with this method- 
ology is practically infinite, and it seems unlikely that it will 
ever be possible “to separate and characterize the active 
components among the ensemble of countless polymeric 
5. Perspectives 
Combinatorial chemistry, although still in its infancy, has 
proven its potential for a wide range of applications. Mo- 
lecular recognition events between small molecules and be- 
tween small molecules and biomacromolecules, such as en- 
zymes and antibodies, can be studied and exploited in a 
completely novel manner. The basic technical problems for 
such affinity assays have been solved, but monitoring the 
activities of individual library members in high-throughput 
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screenings still remains a challenge. The years to come will 
provide a whole set of new applications of combinatorial 
libraries and the elaboration of a variety of new techniques 
for the activity screening of libraries. New structures for 
synthetic catalysts will emerge and the generation and 
screening of receptor libraries will yield synthetic molecules 
that mimic the properties of antibodies and enzymes[66]. 
Combinatorial chemistry is surely not the answer to all 
questions of molecular recognition, but if employed in the 
appropriate manner, it is a powerful tool that can reveal 
new insights and lead to new understanding of the forces 
that cause molecules to communicate with each other. 
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